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Two principal theories about the pattern of enamel mineralization have been advanced in the first half of this century, namely, the theory of von Ebner (1906) and Chase (1929 Chase ( , 1932 Chase ( , 1935 and the theory of Diamond and Weinmann (1940) . The incremental pattern of matrix deposition was established by Schour and Massler (1936) , Schour and Kronfeld (1938) , and Schour and Hoffmann (1939) . Most of the conclusions of von Ebner (1906) and Chase (1929 Chase ( , 1932 Chase ( , 1935 were based on staining reactions in sections of decalcified developing teeth while those of Diamond and Weinmann (1940) were based on the loss of organic matrix in similar sections. There appears, however, to be no satisfactory evidence to support a relationship between affinity for stain or the loss of organic matrix and the amount of calcium salts present in the enamel. A direct assessment of mineralization may be made by use of the techniques of microradiography and the measurement of intrinsic birefringence in polarized light. Work on developing enamel based on the use of one or both of these techniques is included in reports by Schmidt (1923-25 , quoted by Harders-Steinhauser), Harders-Steinhauser (1938a , b), Glock et al. (1942 , Applebaum (1943) , Hals (1953 ), Engfeldt et al. (1954 ), Engfeldt and Hammarlund-Essler (1956 , Crabb and Darling (1956, 1958) and Allan (1957 Allan ( , 1958 .
This report is concerned with the results of the study of ground sections of the enamel of developing teeth by microradiography, the assessment of intrinsic birefringence and the examination of stained decalcified sections.
130 ground sections were made of developing teeth ranging from those obtained from a foetus of 32 weeks' maturity to those from a boy of 7 years. Longitudinal buccolingual and transverse sections were prepared and microradiographed by the technique described by Darling and Crabb (1956) , with the one exception that a polyester resin was used in place of methyl-methacrylate for the embedding of some specimens. The microradiographs were then examined for the broad pattern of mineralization and the detail of the stages by which the pattern is built up in relation to the fine structure of the enamel.
The earliest stage which was observed was found in the deciduous canines at birth. At this stage only one-third to one-half of the eventual crown form has been laid down, yet the enamel next to the amelodentinal junction shows a band of high radiopacity, indicating a degree of mineralization considerably in advance of the mineralization of the rest of the matrix. This highly mineralized zone at the amelodentinal junction appears soon after the matrix is laid down. It is seen to be present in all recently formed enamel such as the growing cervical margin and the thin occlusal part of the developing enamel joining the cusps in molars (Figs. IA,B ).
In the next stage the zone of high mineralization spreads out towards the outer border of the tip or cusp of the tooth (Fig. 2) . At the same time this zone spreads out from the amelodentinal junction along the whole length of the enamel. This occurs both labially and lingually and, in the molars, across the occlusal enamel as well. The direction of spread is irregular and the border of the zone appears in some places to be parallel to the amelodentinal junction and in others parallel to the enamel surface. In upper and lower incisors and canines the lingual enamel appears to mineralize before the labial enamel (Fig. 3) , and this is seen in both longitudinal and transverse sections, confirming the findings of Engfeldt and Hammarlund-Essler (1956) . There was no indication that mineralization occurred earlier in one molar cusp than in the others as far as could be judged from buccolingual sections.
Section of Odonology
In some foetal and postnatal teeth there is a thin band at the enamel surface which shows greater radiopacity than the enamel immediately underlying it (Fig. 4) . The thickness of this highly mineralized band at the enamel surface is approximately 5 microns and the underlying band of lower mineralization is approximately 10 microns wide. This surface zone could not be correlated with any particular stage of development but it is obvious that it occurs after the completion of the full width of the matrix. The occurrence of this zone has also been reported by Engfeldt and Hammarlund-Essler (1956) .
In microradiographs of postnatal material radiopaque and radiolucent bands lying parallel to the stri, of Retzius and external to the neonatal line are seen in the mineralizing matrix of the enamel. These conform to the incremental pattern for the deposition of the matrix as described by Schour and Massler (1936) , Schour and Kronfeld (1938) and Schour and Hoffmann (1939) . In feetal material such lines appear to be the exception and when present are poorly marked. This agrees with the observations of Rushton (1933 Rushton ( , 1939 ) that structural defects are more common in postnatal than in prenatal enamel.
Alternately radiopaque and radiolucent bands running parallel to the strim of Retzius have also Proceedings of the Royal Society of Medicine found in the cervical third of the enamel of a lower second premolar which was contained in a dentigerous cyst. It is not known whether these appearances represent a stage of normal development of the enamel, for fault lines and surface pits were seen in the ground sections of these teeth indicating that they were hypoplastic.
In the matrix which is only partly mineralized, as distinct from the zone of high mineralization which is moving out from the amelodentinal junction, altemately radiopaque and radiolucent lines are seen running parallel to the direction of the prisms (Fig. 6) . These lines occur at intervals of approximately 6 to 8 microns, similar to the width of the prisms, and are therefore likely to be related to prism structure. From such sections cut parallel to the long axis of the prisms, however, it is difficult to say which parts of the structure these lines represent, but there appears to be an initial preferential mineralization of one part of the structure. To elucidate this point sections were cut transversely to the long axis of the prisms. Where the prisms have been cut transversely the radiopaque areas appear in the centre of a honeycomb pattern of radiolucent structure (Fig. 7 ). It appears therefore that the centre of the prism is mineralized first. In microradiographs of longitudinal sections the radiopaque lines which run parallel to the prisms are wider than the radiolucent lines in the enamel near the amelodentinal junction but nearer the 6 enamel surface the radiolucent lines are wider than the radiopaque lines. This suggests that the process of mineralization moves out from the centre of the prisms as it spreads out from the amelodentinal junction to the enamel surface. Further evidence is needed before the present findings can be fully interpreted.
The basic pattern of mineralization, as demonstrated by microradiographs, consists of two stages. There is first a deposition of matrix in increments delineated by the stria of Retzius. This matrix may exist for a very short while in a wholly organic state but is soon partly mineralized. This is the primary phase. This is shortly followed by a phase of higher mineralization, the secondary phase, which starts from the whole length of the existing amelodentinal junction and moves outwards towards the enamel surface (Fig. 8) . The time interval between the start of the primary and secondary phases appears to be small. The secondary phase has started long before all the tooth form is laid down, so that the two phases are occurring simultaneously for the greater part of the mineralization process. The secondary phase starts to move out from the amelodentinal junction in the incisal or cuspal region of the tooth. The advancing edge of this phase is at first approximately parallel to the amelodentinal junction and later, as the outer border of the enamel is approached, it becomes parallel to the enamel surface. This pattern of 120 Section of Odontology mineralization is fundamentally different from that proposed by Diamond and Weinmann (1940) , but is in general agreement with that deduced by Darling (1956a) to explain the occurrence of zones of enamel hypocalcification in amelogenesis imperfecta.
In order to confirm the findings from microradiography and to obtain some measurements of the gradient of mineralization from the amelodentinal junction to the enamel surface, the intrinsic birefringence of enamel in ground sections of developing teeth was measured. For practical purposes it may be assumed that the intrinsic birefringence gives an indication of the degree of mineralization. Sections were imbibed with Thoulet's solution (R.I. 1 62) as described by Darling (1956b) and the birefringence measured by means of a Berek compensator. A microradiograph of a deciduous incisor from an infant of less than 1 week is shown in Fig. 9, and Fig. 10 indicates the measurements of intrinsic birefringence obtained along the survey path A-A' (labial enamel) and B-B' (lingual enamel) marked on Fig. 9 . It is seen that the negative intrinsic birefringence of the lingual enamel is greater than that of the labial enamel. In both labial and lingual enamel the birefringence diminishes from the amelodentinal junction to the enamel surface, confirming the pattern of mineralization demonstrated in the microradiographs.
Stained sections of decalcified developing teeth have been compared with microradiographs of ground sections of contralateral teeth. There was no evidence of matrix solubility which could be correlated with the pattern of mineralization derived from the microradiographs. In many sections there was a space between the matrix and the amelodentinal junction and it might be possible to argue that some solubility of matrix had occurred in this region. But in some sections the complete enamel matrix remained attached in places to the dentine while the corresponding microradiograph of the ground section of the contralateral tooth indicated a high degree of This is demonstrated in Figs. 11 and 12. Where a space exists in the decalcified section between the matrix and the dentine it seems likely that the matrix has become detached from the amelodentinal junction. It is quite evident that the loss of matrix in decalcified sections cannot provide an indication of the pattern of mineralization. Allan (1957 Allan ( , 1958 concurs with this. This means that the conclusions of Diamond and Weinmann (1940) which are based on the loss of organic matrix cannot be considered valid, for they equated the pattern of loss of matrix in decalcified sections with the pattern of mineralization of the enamel. To summarize: The pattern of mineralization of enamel which has been demonstrated shows that the matrix is formed in increments, delineated by the stri, of Retzius, the matrix rapidly undergoing partial mineralization. This constitutes the primary phase of mineralization. This is shortly followed by the secondary phase which spreads outwards from the amelodentinal junction to the enamel surface, with its advancing front at first parallel to the amelodentinal junction and later to the enamel surface. The two phases take place simultaneously for the greater part of the time of enamel mineralization. The outer border of the enamel appears to mineralize before the zone immediately underlying it. In incisors and canines the lingual enamel mineralizes before the labial enamel. In the primary phase of mineralization there appears to be a preferential mineralization of the prism core, so that mineralization spreads out from the centre of the prism. It has been demonstrated that the pattern of loss of organic matrix in decalcified sections is no guide to the pattern of mineralization. Mallory's aniline blue-orange G. The complete matrix is attached to the dentine at A, corresponding to the zone of high mineralization in Fig. 11 . x12-5.
